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kos@bzh.uni-heidelberg.de (M. Koš).The 50 cap trimethylation of small nuclear (snRNAs) and several nucleolar RNAs (snoRNAs) by trim-
ethylguanosine synthase 1 (Tgs1p) is required for efﬁcient pre-mRNA splicing. The previously
uncharacterised protein Swm2p interacted with Tgs1p in yeast two-hybrid screens. In the present
study we show that Swm2p interacts with the N-terminus of Tgs1p and its deletion impairs pre-
mRNA splicing and pre-rRNA processing. The trimethylation of spliceosomal snRNAs and the U3
snoRNA, but not other snoRNAs, was abolished in the absence of Swm2p, indicating that Swm2p
is required for a substrate-speciﬁc activity of Tgs1p.
Structured summary:
MINT-7949608: p53 (uniprotkb:P02340) physically interacts (MI:0915) with large T-antigen (uni-
protkb:P03070) by two-hybrid (MI:0018)
MINT-7949574: swm2 (uniprotkb:P40342) physically interacts (MI:0915) with swm2 (uniprotkb:P40342)
by pull down (MI:0096)
MINT-7949556: swm2 (uniprotkb:P40342) physically interacts (MI:0915) with TGS1 (uniprotkb:Q12052)
by pull down (MI:0096)
MINT-7949587: swm2 (uniprotkb:P40342) physically interacts (MI:0915) with tgs1 (uniprotkb:Q12052)
by two-hybrid (MI:0018)
MINT-7949641: nop1 (uniprotkb:P15646) colocalizes (MI:0403) with TGS1 (uniprotkb:Q12052) by ﬂuo-
rescence microscopy (MI:0416)
MINT-7949627: swm2 (uniprotkb:P40342) and nop1 (uniprotkb:P15646) colocalize (MI:0403) by ﬂuores-
cence microscopy (MI:0416)
MINT-7949540: swm2 (uniprotkb:P40342) physically interacts (MI:0915) with TGS1 (uniprotkb:Q12052)
by tandem afﬁnity puriﬁcation (MI:0676)
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Maturation of many cellular RNAs requires small ribonucleo-
proteins, such as small nuclear RNPs (snRNPs) and small nucleolar
RNPs (snoRNPs involved in pre-mRNA splicing and ribosomal RNA
processing respectively). Most spliceosomal snRNAs (U1, U2, U4
and U5) and a subset of snoRNAs (e.g. U3, snR10) are synthesized
by RNA polymerase II and their m7G cap is trimethylated to a trim-
ethylguanosine (m3G) cap by trimethylguanosine synthase 1 [1–3].
The trimethylation of the snRNAs caps is required for their nuclearchemical Societies. Published by E
berg.de (K.-L. Boon), martin.localisation and for efﬁcient pre-mRNA splicing. Besides its func-
tion in trimethylation of snRNA or snoRNA (further referred to as
sn(o)RNAs) caps, the nucleolar-localised Tgs1p is also required
for intact nucleolar morphology and ribosome synthesis in yeast
[4]. Although TGS1 is not essential for yeast viability, its deletion
leads to defects in splicing and ribosomal RNA processing [1,4]. Re-
cently, a number of proteins involved in snRNP function, spliceo-
some assembly and RNA processing has been found to
genetically interact with TGS1 [5,6]. The large scale yeast two-hy-
brid screens have identiﬁed yeast Swm2p (synthetic with Mud2/
YNR004W) as an interacting partner of Tgs1p [7,8]. Yeast SWM2
is an uncharacterized gene encoding a non-essential 17 kDa pro-
tein with no known domain or homology to other proteins. Dele-
tion of SWM2 causes similar genetic interaction proﬁle to tgs1D
[6], and is synthetic lethal with the deletion of MUD2 gene, which
appears to be a functional partner of Tgs1p [9].lsevier B.V. All rights reserved.
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and its functions in RNA cap trimethylation and ribosome biogen-Fig. 1. Swm2p interacts with N-terminus of Tgs1p. (A) Immunoprecipitation (IP) of
Tgs1p-13Myc from protein extracts derived from yeast. Extracts were incubated
with IgG–sepharose and precipitated proteins were analysed by Western blotting,
probing for both c-Myc and protein-A. Lanes 1 and 2 show 5% of the input extract
used for each IP. Note that the Swm2-TAP protein in the whole cell lysate is very
poorly recognised by IgG in the blot. (B) Copuriﬁcation of recombinant Tgs1p with
6His-GST (lane 8), or 6His-Swm2p (lane 9) directly from E. coli extracts. The protein
identities in the lane 9 were conﬁrmed by mass spectrometry. (C) Swm2p interacts
with N-terminus of Tgs1p. Yeast two-hybrid plasmids expressing Swm2p fused to
GAL4-BD (GAL4 DNA binding domain) and either full-length or truncated Tgs1p
fused to GAL4-AD (GAL4 activation domain) were cotransformed into the PJ69-4A
reporter strain. Transformants were spotted in 10-fold serial dilutions on SDC-Trp-
Leu and SDC-Trp-Leu-His plates. Positive yeast two-hybrid interaction allows
growth on SDC-Trp-Leu-His plates. Plates were incubated for 3 days at 30 C. The
combination of p53 and SV40 large T-antigen served as a positive control.esis. Deletion of SWM2 impairs pre-mRNA splicing and ribosome
biogenesis, exhibiting a similar phenotype to tgs1D. However, only
trimethylation of snRNAs and the U3 snoRNA, but not other snoR-
NAs tested, is affected in the swm2D strain. Therefore, Swm2p is
speciﬁcally required for trimethylation of spliceosomal snRNAs
and the U3 snoRNA by Tgs1p.
2. Materials and methods
2.1. Yeast strains and plasmids
The Saccharomyces cerevisiae strains, plasmids and oligonucleo-
tides used in this study are listed in the Supplementary Tables 1
and 2. The yeast transformation procedure was performed as de-
scribed previously [10]. For metabolic depletion of Prp42, cultures
of PGAL1-PRP42 and PGAL1-PRP42-swm2D were grown in YPG (1%
yeast extract, 2% Bacto Peptone, 2% galactose) medium to log
phase, spun down, washed with YPD (1% yeast extract, 2% Bacto
Peptone, 2% glucose) and resuspended to the original culture vol-
ume of YPG. The cultures were harvested at 0, 4 and 8 h after the
medium shift. Yeast cultures were maintained at log phase by add-
ing fresh YPD medium.
2.2. Live cell imaging
Cells were grown in SDC-Leu-Ura liquid medium at 30 C. Fluo-
rescence microscopy was performed using Imager Z1 (Carl Zeiss).
Pictures were acquired with AxioCamMRm camera (Carl Zeiss)
and software Axio Vision 4.3 (Carl Zeiss). Picture were exported
as jpg ﬁles and processed in Adobe PhotoShop CS2.
2.3. Protein extract preparation
Preparation of yeast whole cell lysate was performed as de-
scribed previously [11]. For recombinant protein production,
Escherichia coli BL21 (DE3) cells (Novagen) were grown at 37 C
to OD600 nm of 0.7, induced with IPTG (0.75 mM) and incubated
for a further 3 h. Cells were pelleted, resuspended in lysis buffer
(150 mM NaCl, 50 mM Tris–HCl (pH 7.5), 10 mM imidazole) andFig. 2. Nucleolar localisation of Tgs1p and Swm2p. The EGFP-Tgs1 and Swm2-EGFP
subcellular localisation was analysed for the colocalisation with a nucleolar marker
Nop1-mRFP. Localisation of EGFP-Tgs1p in Dtgs1 (A) or Dtgs1–Dswm2 (B) and
Swm2-EGFP in Dswm2 (C) or Dtgs1–Dswm2 (D) yeast strains. In each panel the
proteins being detected by ﬂuorescent microscopy are indicated at the top. DIC:
differential interference contrast. Scale bar, 2 lm.
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were puriﬁed by the standard Nickel-NTA puriﬁcation method.
Puriﬁed proteins were fractionated on a 10–20% Tris–tricine gel
and stained with colloidal Coomassie (Roth).Fig. 3. Deletion of SWM2 affects pre-rRNA processing. (A) The pre-rRNA processing path
indicated above the transcripts. Small bars below the 35S transcript represent oligonucleo
RNA extracted from wild-type, swm2D and tgs1D strains. High molecular weight RNA
molecular weight RNA species resolved on a 6% polyacrylamide, 8 M urea gel. Hybridiza2.4. Immunoprecipitation
Immunoprecipitation was performed as described previously
[12] using IgG–sepharose beads (GE Healthcare) or Proteinway in yeast Saccharomyces cerevisiae. Pre-rRNA cleavage and processing sites are
tides used as probes in Northern blotting. (B) Northern blotting analyses of the total
species were resolved on 1.2% agarose glyoxal gels. (C) Northern analyses of low
tion probes are indicated in parentheses to the left of the gel.
Fig. 4. Deletion of SWM2 affects pre-mRNA splicing. (A) A scheme of the pre-U3A
snoRNA. Numbered bars below the pre-U3A transcript represent oligonucleotides
used as probes in Northern blotting. (B) Total RNA from wild-type, swm2D, tgs1D,
swm2D–tgs1D and PGAL1-PRP42 that had been depleted of Prp42p for 6 h was
extracted and fractionated on a 6% polyacrylamide, 8 M urea gel. The hybridization
probes are indicated in parentheses on the right. The non-coding RNA, SCR1, served
as a loading control. (C) Western blot analysis of depletion of the 3HA-tagged
Prp42p in PGAL1-PRP42 and PGAL1-PRP42, swm2D cells. The strains were initially
grown in YPG medium, then spun washed and resuspended in YPD. Samples were
taken at the times indicated. The Arc1p was used as a loading control. (D) Northern
analyses of U3A snoRNA processing and splicing in PGAL1-PRP42 and PGAL1-PRP42-
swm2D cells. Total RNA was isolated at 0, 4 and 8 h after YPG to YPD shift, resolved
on a 6% polyacrylamide, 8 M urea gel and hybridized with probes recognizing either
pre-U3A or mature U3A.
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Cruz Biotechnology).
2.5. RNA extraction and Northern analysis of RNA
RNA was extracted as previously described [13] and fraction-
ated on a 6% (wt/vol) polyacrylamide-8 M urea gel. The sn(o)RNAs
were detected by Northern analysis with end-labelled oligonucle-
otides complementary to the targeted sn(o)RNAs (Supplementary
Table 2). Hybridized blots were exposed to phosphorimaging
plates, scanned on the Fuji FLA7000 imager and quantiﬁed with
AIDA software.
2.6. Western blotting
Cell lysates were resolved on a 12% SDS–PAGE gel, electroblot-
ted to a PVDF membrane (Millipore) and probed with primary
antibodies: anti-Protein A (1:1000, Sigma–Aldrich), anti-c-Myc
(1:1000, Sigma–Aldrich), anti-HA (1:4000, Abcam), anti-Arc1p
(1:10000). The blot was then probed with anti-rabbit IgG antibod-
ies coupled to Alexa Fluor 680 (1:1000, Molecular Probes). Signal
was detected using an Odyssey infrared imaging system (LI-COR
Biosciences).
2.7. Yeast two-hybrid analysis
The bait plasmids containing fusions to the GAL4 DNA binding
domain (Gal4-BD) and prey plasmids containing fusions to the
GAL4 activation domain (Gal4-AD), were cotransformed into the
reporter strain PJ69-4A [14]. The transformants were spotted in
10-fold serial dilutions on SDC-Trp-Leu, and SDC-Trp-Leu-His and
grown at 30 C. As a positive control, the combination of plasmids
pVA3-1 and pTD1-1 (Clontech Laboratories, Inc.) were used.
3. Results
3.1. Swm2p interacts with the N-terminal part of Tgs1p
Swm2p has been reported to interact with Tgs1p in a yeast two-
hybrid assay [7 and 8]. To conﬁrm this interaction, we ﬁrst tested
the ability of C-terminally tandem afﬁnity procedure (TAP)-tagged
Swm2p [15] to coprecipitate the Tgs1-13Myc-tagged protein.
Using this method, Tgs1p could be coprecipitated from yeast
strains expressing C-terminally-TAP-tagged Swm2p (Fig. 1A). To
determine whether Swm2p and Tgs1p interact in the absence of
other yeast proteins, we coexpressed both 6His-Swm2p and Tgs1p
under the pETDuet-1 vector in E. coli. Tgs1p could be copuriﬁed
with 6His-Swm2p but not with 6His-GST (Fig. 1B). Interestingly,
Swm2p formed a stable dimer that could also be copuriﬁed with
6His-Swm2p. The identity of the dimer was conﬁrmed by mass
spectroscopy (Fig. 1B).
To identify the region(s) through which Tgs1p and Swm2p
interact we utilised the yeast two-hybrid assay. Swm2p was fused
to the Gal4 DNA binding domain and used as bait, while full-length
Tgs1p or its fragments were fused to the GAL4 activation domain
and used as prey. Both bait and prey plasmids were then cotrans-
formed into the PJ69-4A yeast strain [14], and the resulting strains
screened for interaction (Fig. 1C). The combination of Gal4-BD
fused to P53 and GAL4-AD fused to SV40 antigen served as a posi-
tive control. Swm2p showed an interaction only with full-length
Tgs1p and with an N-terminal fragment of Tgs1p corresponding
to the ﬁrst 100 amino acids (aa1-100).
The ﬁrst 58 amino acids of Tgs1p have been shown to be re-
quired for nuclear/nucleolar localisation [16]. Therefore we inves-
tigated the localisation of Tgs1p in the presence or absence of
Swm2p. The plasmid born N-terminal fusion EGFP-Tgs1p andC-terminal fusion Nop1p-mRFP were expressed in tgs1D and
swm2D–tgs1D strains to avoid the competition between the
endogenous and the transformed EGFP-Tgs1p. The Nop1p-mRFP
was used as a nucleolar marker [17]. The EGFP-Tgs1p colocalised
with Nop1p-mRFP, showing high enrichment in the nucleolus with
a mild staining of the nucleoplasm as previously reported [1]. This
localisation pattern was essentially identical both in the presence
and absence of Swm2p (Fig. 2A and B). Thus Swm2p is not required
for Tgs1p nucleolar localisation.
To determine whether the localisation of Swm2p is dependent
on Tgs1p a plasmid Swm2p-EGFP and Nop1p-mRFP were cotrans-
formed into Dswm2 or Dswm2-Dtgs1 yeast strains. In the presence
of Tgs1p the Swm2p-EGFP was localised both in cytoplasm and nu-
cleus and higly enriched in the nucleolus as previously reported
[19] (Fig. 2C). However, the nucleolar enrichment was abolished
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tion of Swm2p is Tgs1p dependent.
3.2. swm2D is not synthetic lethal with tgs1
Yeast strains with deletions of either TGS1 or SWM2 or both
genes were constructed and tested for growth at various tempera-
tures (18 C, 25 C, 30 C and 37 C). As previously reported the
swm2D strains grew slowly at 18 C (Supplementary Fig. 1) [18],
but did not show a strong cold-sensitive phenotype as the tgs1D
strain [1]. The double deletion mutant swm2D–tgs1D was cold-
sensitive but did not show an enhancement of the slow-growth
phenotype of tgs1D at all temperatures tested (Supplementary
Fig. 1).
3.3. SWM2 is required for small ribosome subunit synthesis
Both Tgs1p and Swm2p are localised to the nucleolus (Fig. 2)
[19], and Tgs1p is required for small ribosomal subunit synthesis
[4]. We characterised the role of Swm2p in pre-rRNA processing
in yeast strain grown at 23 C, which is the semi-permissive tem-
perature for the tgs1D yeast strain [4] that served as a positive con-
trol. The pre-rRNA processing defects in swm2D were very similar
to those observed in the tgs1D strain. The levels of 35S, 23S, 22S,
20S pre-rRNAs were increased (Fig. 3B) whereas the levels of
27SA2, 18S and 6S were reduced (Fig. 3B and C). The clear accumu-
lation of the 23S and 22S pre-rRNA indicate a lack of or a delay in
the ﬁrst cleavage steps of pre-rRNA processing at sites A1 and A2
[20].
3.4. Deletion of SWM2 leads to defects in pre-mRNA splicing and30 end
processing of U3 snoRNA
As Tgs1p is involved in the biogenesis of spliceosomal RNAs, we
tested whether Swm2p is required for pre-mRNA splicing in vivo,Fig. 5. Swm2p is required for snRNA trimethylation. (A) Whole cell extracts were prepa
immunoprecipitated using anti-m3G cap antibodies. RNAs were extracted from the total
gel and hybridized with sn(o)RNA probes. (B) Signal intensity was quantiﬁed using phosp
the total input was set to 100%.by examining the pre-mRNA splicing efﬁciency of the U3A snoRNA
precursor by Northern analysis (Fig. 4). As a positive control we
used a Prp42p-depleted yeast strain known to exhibit splicing de-
fects [21]. The intron-containing pre-U3A snoRNA was readily
detectable in all mutant strains, but not in the wild-type strain
(Fig. 4B). Interestingly, an additional species of pre-U3A was ob-
served in the swm2D, tgs1D and double deletion swm2D–tgs1D
strains, which migrated slower than the intron-containing pre-
U3A in the Prp42p-depleted strain (Fig. 4B). This indicated that,
in addition to the splicing defect, the 30 end processing of U3A
snoRNA was also affected. By rehybridising the blot with a probe
that recognises the 30 extension region of U3A (probe 251 in
Fig. 4B) [22] we conﬁrmed that the larger species of pre-U3A is
30 end extended. Interestingly, the steady state levels of spliced
U3A are not signiﬁcantly reduced in swm2D or tgs1D strains (probe
200 in Fig. 4B). A number of mutations in splicing factors (Brr1,
Cwc21, Dbr1, Mud2, Prp42, Snu56 and Snu66) have been reported
to show phenotype enhancement in the absence of Swm2p [6,9].
To ﬁnd out whether deletion of Swm2p enhances the U3A splicing
defect induced by the absence of U1 snRNP protein Prp42p we per-
formed metabolic depletion of the Prp42p in the swm2D yeast
strain. The endogenous PRP42 was placed under the control of
the glucose-repressible PGAL1 promoter and 3HA tag was fused to
its N-terminus. The efﬁcient depletion of Prp42p was conﬁrmed
by Western blotting (Fig. 4C). In the absence of Swm2p the accu-
mulation of pre-U3A was strongly enhanced after 4 h of Prp42p
depletion (Fig. 4D, lane 5) compared to 8 h in the presence of
Swm2p (Fig. 4D, lane 3). These observations show that Swm2p is
required for efﬁcient splicing of U3A snoRNA.
3.5. Swm2p is required for cap trimethylation of U1, U2, U3, U4 and U5
sn(o)RNAs but not other snoRNAs
To determine if Swm2p is required for trimethylation of the
m7G cap of sn(o)RNAs, cell extracts from wild-type, swm2D andred from wild-type, swm2D and tgs1D strains grown at 30 C and sn(o)RNAs were
extracts, supernatants and precipitates, resolved on a 6% polyacrylamide, 8 M urea
horimager. The values represent fractions of each RNA recovered after puriﬁcation;
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the monoclonal anti-m3G antibody (K121 clone) (Fig. 5) [23]. This
monoclonal anti-m3G antibody has a high afﬁnity for trimethylgu-
anosine, but also cross-reacts weakly with m7G caps and thus
shows a low level background signal in the tgs1D strain (Supple-
mentary Fig. 2) [23,24]. The SCR1 RNA, which lacks a cap [25],
was not detected in any precipitate, conﬁrming the speciﬁcity of
the anti-m3G antibody. As expected, immunoprecipitation of all
snoRNAs and snRNAs was strongly reduced in the tgs1D strain
compared to the wild-type strain (Fig. 5A, lanes 4 and 6, Fig. 5B).
Surprisingly, in the swm2D strain, only spliceosomal snRNAs and
the U3 snoRNA could not be immunoprecipitated (Fig. 5A, lane 5,
Fig. 5B), indicating that Swm2p is required for trimethylation of
only a subset of Tgs1p target RNAs.
4. Discussion
Here we show that Swm2p interacts with the N-terminus of
Tgs1p and is required for the cap trimethylation of spliceosomal
snRNAs and the U3 snoRNA. In addition, the 30end processing of
the U3 snoRNA is delayed in the absence of either Swm2p or Tgs1p.
Yeast Tgs1p protein is a multifunctional protein that speciﬁcally
modiﬁes the m7G caps of a subset of sn(o)RNAs transcribed by RNA
Polymerase II [1]. Deletion of TGS1 abolishes trimethylation of
spliceosomal snRNAs and several snoRNAs [1] and causes defects
in splicing and ribosome biogenesis [1,4]. The swm2D strain dis-
plays an almost identical phenotype of tgs1D, consistent with the
fact that Swm2p forms a complex with Tgs1p and functions in
the same process as Tgs1p.
It was shown that Tgs1p can directly interact with several core
sn(o)RNP proteins [16]. However, how Tgs1p recognises its target
RNAs is unknown, and it is likely that other cofactors mediate sub-
strate recognition. Swm2p is a suitable candidate for such a sub-
strate speciﬁcity factor as it is required for trimethylation of only
a subset of Tgs1p targets. This also implies that other speciﬁcity
factors recruiting Tgs1p to its other target RNAs might exist. Inter-
estingly, the interaction region of Swm2p with Tgs1p overlaps with
the region shown to be required for proper localisation of Tgs1p
[16]. However, we found that Swm2p is not required for the nucle-
olar localisation of Tgs1p. On the contrary, nucleolar enrichment of
Swm2p is dependent on Tgs1p. Whether binding of Swm2p is re-
quired not only for substrate recognition, but also for the regula-
tion of Tgs1p activity will be addressed in our future studies.
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